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The creation of muon pairs by (anti)neutrinos in the Coulomb field of the nucleus provides 

a direct test of the interference between the intermediate vector boson amplitudes, aa predicted 

by the weak-interaction theory. This note summarizes the main features of the above process 

and discusses the feasibility of measuring the W-Z interference by searching for recoilless dimuon 

events using fine-grained counter neutrino detectors. The result from an earlier experiment which 

searched for this process is discussed in the context of the present calculation. 
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The cross-section for the reaction 

t-1 v + N + (;’ + p+ + p- + N (1) 

can be estimated, rather accurately, by applying Feynman rules to Fig. 1 and using simple di- 

mensional analysis. The calculation will be done in two steps and is based upon the neglect of 

the boson propagator. 

First one computes the muon pair production cross-section in the neutrino collision with a 

real photon. The amplitude for this process is proportional to the Fermi coupling constant G, so 

that the cross-section must be of the forum 

where S, the square of the center-of-mass energy, is a Lorentz invariant variable which has the 

required dimension: 

s = @+I#- 

Here q and k are the photon and the neutrino 4-momenta, respectively. This cross-section has to 

be multiplied by the fine structure constant 4aa (the 7-n vertex contributes a factor proportional 

to the electric charge: c * = 4sa) and, in analogy with the extreme-relativistic case of Compton 
scattering, by an S-dependent factor w In(&). Including the phase-space factor for a three-body 
final state, which is proportional to 5, it follows that 

where Smi” = (2m,)*, since there are 2 muons in the final state. The exact calculation, which is 

described in Appendix A, produces the same result, apart from a factor of a. 

The next step is to compute the probability for creating a virtual photon in the Coulomb field 

of a nucleus (charge Ze), with such a 4-momentum q that the center-of-mass energy squared is S. 

As shown in Appendix B (eq. BE), this probability is 

The cross-section for reaction (1) is therefore 

Z3CX3G2 
4= - 

97r3 



2 

(+I t-1 
(-) 

a) 

Fig. 1 

b) 



3 

In this expression Qmoz is the maximum momentum that can be transfered to the nucleus without 

causing it to disintegrate. Obviously, & has to be proportional to the size of the nucleus. Since 

the strong interaction coupling constant is - 1, there is only one fundamental length for the 

hadrons, which can be taken to be the Compton wavelength of the pion. Therefore, 

1 A’/3 
- - Rwclru. - m, 
Q -7. 

(A is the total number of nucleons in the nucleus; m, is the pion mass). Q-in is given by the 

threshold for the interaction of the neutrino with the virtual photon: 

&in = (k + qmin)’ = 2EQmin 

where E is the incident neutrino energy. Therefore, 

Qmin FS 2 << Qmar 

Similarly, S,,, = 2EQmoz. Now the total cross-section becomes 

Z2CX2G2 
U= 

97P / 
2Eo--’ 

rm: 
dS In (+) In (2E~-a’)* 

A straightforward integration yields the following result (the so-called leading log approximation)‘: 

2ZZasG2 
UGZ 

9s 
S 

From (5) it follows that the cross-section for muon pair production in the collission of a, say, 50 

GeV neutrino with an iron nucleus is roughly 

u*fi m 2 . lo-'O cd (6) 

corresponding to 
R-Cl gee DrlOQ.” m 1. lo-6 (7) 

“tridents” per charged current (CC) event. The result (6) is in good agreement with the exact 

calculation of the cross-section for the reaction (1) in the V-A theory’,’ (which yields (I x 

‘The above derivation clarifies some misprints which appear in the literature (see refs. 4 and 8, for example). 
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2.5. lO-‘O cm*), taking into account approximations made in our calculation (like the size of the 

nucleus, for example). 

As shown in Fig. 1, the process (1) is actually an admixture of charged and neutral currents. 

Similar to the case of the neutrino-electron scattering, a Fierz transformation can be performed 

to relate the two amplitudes, so that the resulting amplitude has the V-A form, but with different 

values of the vector and axial vector coupling strengths Cv and CA, respectively+. Consequently, 

the cross-section for the reaction (1) in the Glashow-Salam-Weinberg (GSW) theory has the fol- 

lowing form 

ocsw = c: oc: + c; t7+ + C”C*b,,e” 

where 
C” = + + 2sin2e, Fz 1 

c.4 = + I 
GSW (8) 

(Cv = CA = 1 in the V-A theory). According to ref. 1, ocAcv is about two orders of magnitude 

smaller than either of the other two terms. Hence, 

oV-A 

qcsw= 
0.: + cc: 

3 
z 1.7 

be: + 4 

for a 50 GeV incident neutrino (see Table 2 of ref. 1). This result is almost independent of the 

neutrino energy, since the actual values of o+ and a,: are comparable in the energy range of 

interest. 

Therefore, the GSW theory predicts 

R w 0.8 . 1O-5 (9) 

Yridents” per charged current event. This rate, according to (5), depends only logarithmically 

on the energy of the incident neutrino. 

There has been only one reported search for recoilless dimuon events3. A sample of 1.5 . 10s 

neutrino - and 1.8 . lo6 antineutrino-induced charged current events in the CHARM detector 

t&e ref. 7 concerning the application of a Fiers transformation. 
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yielded a signal of 1.7 f 1.7 events. It is claimed in ref. 3 that this result is in agreement with the 

GSW theory which predicts negative interference between the W and 2 amplitudes (?). However, 

despite an effective muon momentum cut of p,, > 7 f 2 GeV/c in their analysis, one would 

expect, according to (8) and the predicted muon momentum distribution (see Fig. 17 of ref. l), 

to find 10 i 2.6 “trident” events. It is difficult to think of any experimental bias which would 

cause such a substantial loss of events, since the selection of recoilless dimuon events is rather 

straightforward. The discrepancy between the theoretical prediction for the number of “trident” 

events and the experimental result can only be resolved by the CHARM collaboration redoing 

the analysis using, in addition, their more recent data. 

To conclude, the creation of muon pairs by neutrinos in the Coulomb field of the nucleus 

provides a direct test of the interference between the charged and neutral current amplitudes 

in the GSW theory. The predicted rate of “trident” events and their experimental signature 

render it quite feasible to measure the W-Z interference by searching for recoilless dimuon events 

using the existing fine-grained counter neutrino detectors (FMMF and CHARM2). For example, 

because of fine-grain structure of the FMMF detector (polypropylene flash chambers between 

sand and steel shots: X0 = 12cm, J! = QOcm; sampling thickness is 22%X,, and 3% X) off- 

line pictures of neutrino events look like bubble chamber photographs, making the selection of 

recoilless events straightforward. Possible backgrounds to trident candidates (charged pion decays 

and charm production with subsequent semileptonic decay) are very small due to the low particle 

multiplicity (only two well identified muons) and rather large hadronic effective mass, W, in the 

case of charm production (see ref. 6 for a measured W-distribution from a BEBC sample of 

dilepton events). 



APPENDIX A 

The process 

(AlI 

is described, in the lowest order, by the sum of the two diagrams in Fig. Al. The matrix element, 

assuming V-A coupling, has the following form: 

M = M, . Mz 

where 

and 

$ _ : _ m7”(l + 76) + 7,(1+ 75)+ +I* _ mi 1 v(pJ 

M = @(k’)-t,(l + r+(k) 

In the above expression G is the weak coupling son&ant, e is the electric charge, u and v are the 

lepton spinons and e is the polarization vector of the photon i = ~~7.). 

In order to compute the spin-averaged probability for the above process Veltman’s SCHOONSCHIP 

alegbraic computer program9 was used. The calculation produced the following formula for the 

differential cross-section: 

ok = (2$ylq) 
[ ] 6’(k + q - k’ - p1 - pz) !$ . 2 . ~g WI 



- 
p+(P, 1 ji(P, 1 

p2 - 4 --PI +q 

p-(P, 1 p+cp, 1 

Cl) 

Fig. Al 

b) 
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where 

I1 = (plq)Mbzk’) + bzq)(k’q)blk) 
AZ B* 

+ ;. 32~1~2 - p1q -psd(plk)(pzk’) - (p,pz)(ph)(qk’) 

- (plpz)(pzk’)(qk) + (qpi)(kpd(k’pz) + (qpz)(plk)(p,k’)] 

and A = [(pl - q)’ - m2], B = [(pz -q)* - ml]. In arriving at (A2) the terms proportional to rnz 
were neglected and VII, El EZ = k-q was used. Integrating (A2) yields the following cross-section 

for the process (Al) (see also ref. 4): 

aG=S 
Oza-----~~ 

Qd 

where S is the center-of-mass energy squared and Q = $. 



APPENDIX B 

In order to compute the probability for creating a virtual photon in the Coulomb field of the 

nucleus the Weizsireker-Williams method of equivalent photons5 will be employed. Conisder a 

collision between the particle I and a virtual photon emitted by the particle p (charge Ze) and 

having a 4-momentum q = P-P’ (Fig. Bl). If the particle p is very fast, its electromagnetic field 

is almost transverse and hence the virtual photon is not very different from a real one, i.e. q* FZ 0. 

In that case, P % P’ and the motion of the particle may be regarded as uniform, quasi-classical 

motion in a straight line, so that the corresponding current is independent of the particle spin. 

We choose the coordinate system such that < is Sxed, p’ + 00 and I is at rest. The amplitude 

for this scattering process is 

J M-1 
q* 

< fllh > 

where Jr = (P + P’)r and P’ = P + q. The particle 4-momenta are: P = (E, P., 0,O) and P’ = 

(E’, Pz - q., n, 0). Hence, 

Jo = 2E - qo a 2P, - qo 

.J. = 2P. - q, 

JI = -z 

Now, 

Ma = En - (Pz - qz)’ - qIz 

Using E’ = E - q. and EZ - Pi = Ms, (B2) yields 

0 = -2Eqo + q; + 2P.q. - q; -4: 

Since q* = pi - 1 < Ir, it follows that 

(W 

(‘33) 

034) 
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Fig. 81 Fig. 82 
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The amplitude (Bl) reads 

i.e, 

M _ Jo < fl3.l~ > -Jz < flj.lr > -JI < fi YL 1% ’ 
Q2 

M--3(Z- ) fl 1 qo < 30:~-(~~.-q.)~fl3.l~~+~~fl~l~~] 

Since qo3,, = q,J*+ ?, * 7, (due to current conservation) the amplitude is 

From (B4) it follows that the East term can be neglected. The second and third terms partly 

cancel, so that the amplitude finally reads 

M 
1 2P, -- - 

[ !I2 Qo 
< fl i* * j, I: > 1 

The differential cross-section for the process in Fig. Bl is therefore: 

da = g % ’ : C < fl ;L . jI 18 > ’ (2~~E,(2~)464(~, - p, -q) 
0 I 3 

Using the definition of the photoproduction cross-section a, depicted in Fig. B2: 

(B5) 

0 7 = $ T < fl3 .41 > z (2n)‘qp, -p, _ q) 
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(1 . c = jI), the differential cross-section can be written as 

’ & d=ql&o 
q’ (27r)32E 2w, 

where we have used E’ 21 E a pi and d3p’ = d3q = d2qidqo. Using dlq, = rdqz and ez = 4xa, it 

follows that 
da = Z’a dq2 dq. --- 0, 

~ Q2 Qo 

smce q2 = q:. From the definition of the square of the center-of-maas energy S: 

S = (k+q)‘w2k.q 

(where q and k are the photon and the neutrino 4-momenta, respectively), it follows that 

S = 2k.q = 2k.q. 

i.e. 

Therefore, 

and the required probability is 

dS ho -=- 
S Q. 

do = Z2adq2dS --- 
* qz s =-l 

Z2a dqz dS 
P(qZ,S) = -. 

x 3.7 

(‘37) 

w 
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